Abstract. The effect of self-heating on the transport characteristics and electronic properties of transistor AlGaN/GaN heterostructures was investigated. The electrical, micro-Raman and photoluminescence techniques were used for temperature estimations for transistor structures under electrical load. The thermal resistance of these structures has been calculated to obtain the temperature of conducting channel heating from the current-voltage characteristics. The differences in the obtained temperature data from applied techniques have been analyzed.
Introduction
The high electron mobility transistors (HEMT) based on III-nitride AlGaN/GaN heterostructures (HS) are promising elements for high-temperature, high-voltage and high-frequency devices of novel micro-and nanoelectronics [1] . These III-nitride HS have great advantages for using in power electronics: high drift electron velocity (υ s ~ 3•10 7 cm/s) under electric fields Е ~ 100 kV/cm, high electric breakdown threshold (~ 5·10 6 V/cm), good thermal conductivity (~ 1.3 W/cm K) and thermal stability (up to 1250 K), radiation stability, etc. The essential feature of nitride heterostructures is formation of two-dimensional electron gas (2DEG) [2] with a high density (n s ~ 10 13 cm -2 ) localized in quantum well at GaNAlGaN interface. This effect occurs due to high (~ 10 5 V/cm) spontaneous and piezo-polarization fields that exist in such III-nitride heterostructures.
However, when III-nitride transistors operate at the high electrical load (>10 W/mm) the negative factor appears -Joule self-heating in the conducting channel with 2DEG. This factor limits the efficiency of transistor devices: self-heating leads to degradation of device electrical parameters and to appearance of heat removal problem [3] . Therefore, exact determination of temperature in conductive part of HEMT structures is important for optimization of design and operation modes of these structures.
The broad spectrum of experimental and theoretical methods were used for temperature estimations in 2DEG conducting channel and heterostructures at whole: electrical DC and pulse measurements [4] [5] [6] , micro-Raman and infrared (IR) Semiconductor Physics, Quantum Electronics & Optoelectronics, 2015. V. 18, N 4. P. 396-402. doi: 10.15407/spqeo18.04.396 thermography [7, 8] , numerical calculations and modeling [9, 10] . Also, complex investigations of selfheating in HEMT structures were made to compare electrical and optical temperature data. In the study by N. Killat et al. [11] , the relative accuracy of HEMT heating temperature estimations was tested using Raman spectroscopy, IR thermography and electrical measurements. The authors used micro-Raman technique to control the results of heat-conduction processes modeling. It was shown that pulse currentvoltage measurements give the temperature values of conducting 2DEG channel heating by 7% lower than Raman and modeling data, and IR thermography gives unrealistic 45% lower temperature values. In the earlier work of these authors [12] , two electrical DC methods of self-heating temperature determination in HEMT were compared, and Raman spectroscopy was used as a reference method. It was shown that electrical DC methods give considerable underestimation of the temperature (>50%). However, all the above mentioned experimental techniques give different temperature estimations for each specified HEMT structures, and there is no general consensus in the interpretation of obtained results. The key point here is to understand the basic physical processes to which all the stated methods of assessment of temperature are sensitive. The objective of this work was to make complex characterization of AlGaN/GaN HEMT-structures by electrical, micro-Raman and photoluminescence (PL) measurements under applied electrical fields, to compare temperature estimations from different methods and to ascertain the relationship between the optical and electrical characteristics.
Samples
The AlGaN/GaN HEMT heterostructures used in this work were grown by metal-organic chemical vapor deposition on a sapphire substrate (450 µm). HS consisted of GaN undoped buffer layer (3 µm), Al 0.3 Ga 0.7 N barrier layer (30 nm) and GaN undoped cap layer (4…5 nm) (inset in Fig. 1a) . The samples include transmission line model (TLM) patterns with sections of 160 µm width and different length (30…180 µm) of conducting channel and Hall-bar pattern for 2DEG characterization formed by photolithography on the AlGaN/GaN HS (Fig. 1b) . Ohmic contacts were fabricated by deposition of Ti/Al/Ni/Au metallization annealed for 40 s at 800 °C.
The self-consisted calculations of energy bands structure and electronic states density for such AlGaN/GaN HEMT structures indicated that 2DEG is localized within 2 to 4 nm layer in an asymmetrical quantum well (QW) at the GaN-AlGaN heterointerface (Fig. 1a) . Transport characteristics of 2DEG in the conducting channel were obtained using Hall measurements: electron mobility µ 300K = 1260 cm 
Electrical measurements
Current-voltage characteristics (CVCs) of Al 0.3 Ga 0.7 N/GaN HEMT sample were obtained using source-measure unit Keithley model 2601 in the DC regime. The sample was placed on a copper heat sink plate in the electro-optical cryostat. Fig. 2 shows typical CVCs for the conducting channel lengths of 30, 90 and 180 µm, measured at 300 K.
All CVCs curves show linear behavior at low voltages up to ~1.5 V. Next, they become sub-linear and at high voltages >10 V CVCs have saturation region. In addition, short channel with L = 30 µm reveals region of negative different conductance (NDC) after 15 V due to the self-heating effects [13, 14] . Fig. 2b illustrates the dependence of current on electric filed, I(E). Additionally, from linear ohmic parts of CVCs measured on TLM patterns, we calculated the contact resistance R c ~ 1.5 Оhm. 
Theoretical calculations of thermal conductivity
To obtain the temperature of conducting channel heating, we made calculations of thermal resistance of Al 0.3 Ga 0.7 N/GaN HEMT structure on the base of simplified model of heat diffusion and dissipation [4] (Fig. 3) . It was assumed that the thermal resistance was mainly determined by the sapphire substrate, because the buffer layer and active region of the heterostructure (conducting channel) have two orders of magnitude smaller thickness and several times higher thermal conductivity (λ GaN ~ 130 W/(m·K)) as compared to sapphire (λ Al2O3 ~ 30 W/(m·K)) [12] . Also, for simplicity, we neglect the temperature dependence of the thermal conductivity of the sapphire substrate, λ(Т). In this case, the problem for modeling of heat transfer is reduced to the Laplace equations [15] . On the one hand, the thermal resistance for the constant cross-section along heat flux can be written as Θ = l /(λ·S eff ), where S eff is the effective area of thermal contact, λ -coefficient of thermal conductivity, lthickness of the structure. On the other hand, the thermal resistance is associated with heat dissipation during flow of current and, therefore, with the dissipated power (
, and the temperature rise ΔT in the conducting channel as Θ = ΔT/P dis . Here, L is the length of the conductive channel, I -current in the channel, E = V/L -average electric field in the channel, ΔT = T -T 0 (T -temperature of the active region (heating of 2DEG); T 0 -temperature of the effective thermal contact).
In the linear approximation we can write: the effective thermal contact area S eff is defined as
is defined by infinite series: (Fig. 7) . 
Optical measurements
The second stage of this work involved micro-Raman spectroscopy to the direct monitoring of the samples temperature in the operation regime. This non-destructive non-invasive method, based on the known relationship between the phonon frequency and the temperature, is an effective way to measure the temperature of objects [16] . Measurements of the Raman spectrum on a 180 µm channel of TLM-structure were made by microspectrometer JYT-64000 with excitation at 325 nm in the backscattering mode. Fig. 4 shows a typical Raman spectrum of Al 0.3 Ga 0.7 N/GaN HEMT-structure measured in the equilibrium state without applied electrical field at 300 K. The focusing was made in the middle of the heterostructure (in Fig. 4 , phonon peaks of GaN layer and sapphire substrate are presented).
The temperature of the sample in the operation mode, during application of electric fields, was determined, firstly, from the ratio of the integral intensities of antiStokes and Stokes phonon lines of Raman spectrum:
are the frequencies of the exciting laser light and the Stokes component of the phonon mode E 2 high respectively. The calibration factor C depends on the experimental conditions and is determined by the efficiency of light scattering and the registration conditions of Raman spectra in the Stokes and antiStokes regions (depending on the absorption coefficient, the light scattering cross section, the resonance conditions, the spectral sensitivity of the spectrometer). Determination of the temperature from this relationship (I s / I as ) becomes possible due to strong dependence of the anti-Stokes line on the temperature.
It should be mentioned that in equation (1), the temperature T is the phonon temperature. Accordingly, if there are non-equilibrium hot phonons, the temperature obtained from the ratio I s / I as , will be higher than the actual lattice temperature. In the absence of hot phonons the temperature T corresponds to the lattice temperature.
Secondly, the temperature of the sample was obtained from the shift of E 2 high phonon mode, which can be analytically represented as:
The Е 2 high phonon mode peak is shifted to lower frequencies when electric field is applied and the sample is heated (Fig. 5) . The approximating parameters A, B, and C in this study were determined using the temperature calibration of Raman spectra by controlled heating of the sample in a cryostat without application of the electric field. , 2015. V. 18, N 4. P. 396-402. doi: 10.15407/spqeo18.04.396
In addition to the Raman investigations, the edge photoluminescence spectra were obtained for samples under an electrical load (Fig. 6a) . We registered a shift of the PL peak into the red region of the spectrum, which is also determined by heating of the sample [17] . In order to associate the value of PL peak shift with a temperature of heating, we also made direct calibration -PL spectra were measured without applied voltage, using the passive heating of the sample in the thermostat.
The obtained values of edge PL peak shift (Fig. 6b ) were approximately described by the Varshni formula [18] for the temperature dependence of the semiconductor band gap E g = E 0 -α T 2 / (T + β). Here, α and β are Varshni fitting coefficients, E 0 is the energy transition at 0 K. Our fitting parameters were: α = 7.59•10 -4 , β = 1000, E 0 = 3.475 eV. We used two approaches to determine the temperature of the HEMT structure by micro-Raman measurements -by the frequency shift of the phonon mode (E 2 high ) and by the ratio of the intensities of phonon mode (E 2 high ) in Stokes and anti-Stokes spectra. The temperature values determined by these two approaches for various applied electric fields differ only by 5…10 K for 180-µm and about 40…120 K for 30-µm channels. The frequency shift Δω (E 2 high ) corresponds to the temperature of the lattice, whereas the ratio I s / I as is responsible for the temperature of the phonon population and sensitive to the appearance of non-equilibrium (hot) phonons. Since the temperature dependences are almost the same for 180-µm TLMchannel, probably hot phonons are absent, and hot electrons are absent, too (hot electrons produce an additional population of non-equilibrium phonons with temperature higher than the temperature of the lattice). Indeed, electric fields in a long channel with L = 180 µm are too small for the occurrence of hot electrons (up to ~1.6 kV/cm at 30 V). For 30-µm channel, the difference in temperature values obtained from the E 2 high position shift and the Stokes / antiStokes ratio becomes more significant at high electric fields (10 kV/cm at 30 V), and E 2 high curve is also above the I s / I as curve. This difference may be related to additional elastic deformation contribution to E 2 high position shift during thermal expansion of the lattice at high temperatures [19] .
Discussion
Photoluminescence measurements (Fig. 6 ) also clearly show the presence of heating of the sample. The results based on electrical measurements and photoluminescence spectra both are in good agreement, but in comparison with the Raman spectra they are understated. It is because both PL and CVCs are responsible for the entire volume of the sample and give the average temperature of the whole sample. While the micro-Raman technique has a high spatial resolution (~0.7 µm) and when we focus at a certain point of TLMsection of the sample, we cover a very small region of the sample and get the temperature of local overheated region of the conductive 2DEG-channel.
Conclusions
The effects of Joule self-heating in Al 0.3 Ga 0.7 N/GaN HEMT-structures under applied electrical fields were investigated using a complex of optical and electrical diagnostics methods. Estimations of the temperature values as a function of applied voltage have been made. The observed differences between the temperature data obtained using different methods, in particular high temperatures obtained by micro-Raman measurements, are related to local overheating of 2DEG conducting channel, which gives the main contribution to the Raman spectra, while the photoluminescence and electrical measurements characterize the average temperature of entire heterostructure sample. The results will be useful in developing new devices based on AlGaN/GaN structures for high temperature, high voltage and highfrequency electronics of new generation.
